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Lung development requires reciprocal epithelial/mesenchymal interactions, mediated by signaling factors such as Bmps made in both cell
populations. To address the role of Bmp signaling in the epithelium, we have exploited the fact that Bmp receptor type Ia (Alk3) is expressed in the
epithelium during branching morphogenesis. Deletion of Bmpr1a in the epithelium with an Sftpc-cre transgene leads to dramatic defects in lung
development. There is reduced epithelial proliferation, extensive apoptosis, changes in cell morphology and extrusion of cells into the lumen. By
E18.5, there are fewer Type II cells than normal, and the lung contains large fluid-filled spaces. If cell death is prevented by making embryos
homozygous null for the proapoptotic gene, Bax, the epithelial cells that are rescued can apparently differentiate, but normal morphogenesis is not
restored. To determine whether Bmps made by the epithelium can function in an autocrine manner, mesenchyme-free endoderm was cultured in
Matrigel™ with Fgfs. Under these conditions, the mutant epithelium fails to undergo secondary budding. Abnormal development was also seen
when Bmp4 was specifically deleted in the epithelium using the Sftpc-cre transgene. Our results support a model in which Bmp signaling primarily
regulates the proliferation, survival and morphogenetic behavior of distal lung epithelial cells.
© 2005 Elsevier Inc. All rights reserved.Keywords: Bmpr1a; Alk3; Bmp4; Sftpc; Conditional mutant; Mouse embryo; Lung; Epithelium; Proliferation; SurvivalIntroduction
Bone morphogenetic proteins (Bmps) constitute a large
family of evolutionarily conserved, intercellular signaling
proteins that are dynamically expressed in both epithelial
and mesenchymal cells during embryonic development. They
function through conserved Type I and Type II transmembrane
receptors and Smad-dependent and -independent pathways, to
regulate a range of biological processes, including cell
proliferation, apoptosis, differentiation and cell shape, in a
highly context-dependent manner (Massague, 2000; Chen et
al., 2004; Aubin et al., 2004; Kishigami and Mishina, 2005).
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doi:10.1016/j.ydbio.2005.12.006primary actions of Bmps during the growth and morphogen-
esis of organs such as the kidney, intestine or lung that involve
intimate and reciprocal interactions between distinct mesoder-
mal and epithelial cell populations. One way to tackle this
problem genetically is to study the effect of conditionally
deleting individual genes in the Bmp signaling pathway in
specific cell populations during development. Here, we use
this approach to dissect out the role of Bmp signaling
mediated through Bmp receptor 1a (Alk3) in epithelial cells of
the embryonic mouse lung.
Mouse lung development begins on embryonic day (E) 9.5
when two primary buds arise in the ventrolateral foregut
(Cardoso, 2000; Warburton et al., 2000). Each bud consists of
an inner endodermal epithelium surrounded by mesoderm and
mesothelium. During the pseudoglandular stage (E9.5–16.0),
the buds undergo repetitive and stereotypic rounds of
branching and outgrowth, to give rise to a tree-like organ.
This branching morphogenesis is orchestrated by reciprocal
interactions between the epithelium and mesenchyme. These,
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including those downstream of Bmps, Fgfs, Wnts and retinoic
acid, as well as extracellular matrix proteins (Cardoso, 2000;
Cardoso et al., 1996, 1997; Lebeche et al., 1999; Liu et al.,
2004; Malpel et al., 2000; Park et al., 1998; Warburton et al.,
2000). A complete cell lineage of the developing lung is not
yet available (Perl et al., 2002). However, it appears that
during the pseudoglandular phase, a population of undiffer-
entiated, multipotent progenitor cells exists in the distal tips of
the epithelial branches. This population gives rise to the
differentiated Clara, ciliated and neuroendocrine cells of the
proximal airways (intralobular bronchi and bronchioles).
During the canalicular stage (E16.0–17.5), the distal epithe-
lium narrows, develops a tight association with blood vessels
and gives rise to numerous terminal saccules that are the
precursors of the alveoli containing mature Type I and Type II
cells. The development of the alveoli and their septation
continues for ∼20 days after birth.
Previous studies have identified a number of Bmp and
Bmp receptor genes that are expressed in the embryonic and
early postnatal mouse lung. The patterns of expression can be
highly dynamic. For example, during the pseudoglandular and
canalicular stages, the expression of Bmp4 is high in both the
distal tips of the epithelium and in the mesenchymal stroma
adjacent to the more proximal developing airways (Weaver et
al., 2003). At this stage, Bmp4 expression is upregulated in
the mesenchyme by Sonic hedgehog and in the epithelium by
FGFs (Bitgood and McMahon, 1995; Chuang and McMahon,
2003; Chuang et al., 2003; Hyatt et al., 2002; Weaver et al.,
2000). Just before birth, Bmp4 expression declines in the
epithelium of the terminal saccules but is expressed in the
endothelium of the capillaries. Less is known about the
transcription of other Bmp genes in the developing lung.
Bmp7 is expressed predominantly throughout the endoderm at
E11.5–13.5 but at lower levels in the epithelium and
mesenchyme by E15 (Bellusci et al., 1996; Lyons et al.,
1995; Takahashi and Ikeda, 1996). Bmp5 is expressed in the
mesenchyme from E10.5 through at least E16.5 (King et al.,
1994), and lung abnormalities (“cysts”) have been reported in
both homozygous null and, to a lesser extent, heterozygotes
on some genetic backgrounds (Green, 1968). Bmp3 is
expressed in the bronchiolar epithelium at midgestation
(Takahashi and Ikeda, 1996). Null Bmp3 mutants on a
mixed genetic background have no lung phenotype, but on
the C57Bl/6 inbred background abnormalities develop
perinatally (Daluiski et al., 2001 and K. Lyons, personal
communication). Bmp6 was detected in the adult lung by both
Northern blot (Ozkaynak et al., 1992) and protein analysis
(Wall et al., 1993; Rosendahl et al., 2002), but no lung
phenotype has been reported in null mutants. These dynamic
expression patterns suggest that Bmps have the potential to
act locally within the cell population in which they are made
(autocrine signaling) or between two different populations
(paracrine signaling).
All of the three Type I transmembrane receptors known to
mediate signaling by Bmps (Bmpr1a/Alk3; Bmpr1b/Alk6;
Acvr1/ActR-1/Alk2) are potentially involved in embryonicmouse lung development. Bmpr1a is strongly expressed in both
the epithelial and mesenchymal populations. By contrast,
Bmpr1b transcripts are highest in the proximal endoderm with
much lower levels in the distal epithelium and mesenchyme
(Dewulf et al., 1995 and Supplemental Figs. 1A–F). Acvr1,
which can potentially mediate signaling from Bmp7, appears to
be localized to the mesenchyme of the embryonic lung
(Verschueren et al., 1995). Importantly, these differences in
spatial localization imply that Bmpr1a is the major Type I
receptor in the distal epitheliummediating signaling from Bmps,
including Bmp4, produced either in the epithelium or the
mesenchyme.
Current ideas about the role of Bmp signaling in the
epithelium of the embryonic lung during the pseudoglandular
and canalicular stages have focused on two distinct
processes: cell proliferation and cell differentiation. One
hypothesis is that Bmp4, together with Fgfs and Wnts,
promotes the proliferation of the distal progenitor cells and
helps maintain them in an undifferentiated, multipotent state
(Weaver et al., 2000; Liu et al., 2003). This activity of Bmp4
would be analogous to its proposed function in maintaining
the undifferentiated state of pluripotent mouse embryonic
stem (ES) cells (Ying et al., 2003; Qi et al., 2004). Two lines
of evidence support this model. First, adding Bmp4 to organ
cultures of the whole embryonic lung promotes branching
morphogenesis and increases the number of peripheral
epithelial buds (Bragg et al., 2001). Second, transgenic
expression of the Bmp antagonists, noggin or gremlin, in the
epithelium leads to the generation of lungs that are smaller
than normal and with bronchial epithelial cell types (ciliated
and Clara cells) extending almost to the periphery (Lu et al.,
2001; Weaver et al., 1999). This “proximalized” phenotype
could result from the reduced proliferation of distal epithelial
cells relative to bronchial cells and/or from a higher than
normal probability of distal progenitors differentiating into
proximal cell types. However, not all experimental data
support this model. Significantly, transgenic overexpression
of Bmp4 in the epithelium also leads to smaller lungs and to
a reduction in epithelial cell proliferation (Bellusci et al.,
1996). Moreover, addition of exogenous Bmp4 protein to
mesenchyme-free endoderm cultured in vitro with Fgfs
inhibits proliferation, secondary budding and differentiation
(Weaver et al., 2000; Hyatt et al., 2002, 2004). These
findings suggest that Bmps function in a highly dose-
dependent manner and/or elicit different responses through
different pathways.
Faced with these complexities, we have turned for clarifica-
tion to the technique of Cre-lox conditional gene deletion. We
use a cre transgene that is expressed specifically in the
epithelium of the developing lung to delete floxed alleles of
Bmpr1a and Bmp4. In addition, we use in vitro culture of
mesenchyme-free, Bmpr1a-deficient endoderm to ask whether
Bmps made by this population of cells can function in an
autocrine manner. Taken together, our results support a model in
which Bmp4 made in the epithelium acts through Bmpr1a to
promote the proliferation, survival and morphogenetic behavior
of the distal endoderm.
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Mouse strains and breeding
Conditional mutant embryos were generated using Sftpc-cre transgenic mice
on the ICR background. Some experiments were performed using mice
backcrossed to C57Bl/6 for four generations. Cre recombinase is driven only
in the epithelium by a 3.7-kb regulatory region of the human surfactant protein C
(SFTPC) gene as described (Okubo and Hogan, 2004; Okubo et al., 2005).
Bmpr1anull (Bmpr1atm1Bhr) and Bmpr1aflox (Bmpr1atm2.1Bhr) mice were main-
tained on a 129S6 × C57Bl/6 background by interbreeding and genotyped as
previously described (Mishina et al., 2002).Mice homozygous for theBmpr1aflox
allele and also carrying the Rosa26R reporter allele were utilized to demonstrate
efficiency of cre-recombination. Rosa 26R (129S4-Gt(ROSA)26Sortm1Sor) mice
were maintained as homozygotes on the C57Bl/6 background by interbreeding.
Bmp4LacZ/+ (Lawson et al., 1999) and Bmp4loxplacZ/loxplacZ (Kulessa and Hogan,
2002) mice were maintained on the ICR or C57Bl/6 backgrounds, respectively.
Fgf4flox (Fgf4tm1.2mrt) mice were used for control experiments (Sun et al., 2000).
Baxtm1Sjk heterozygous mice were on the (129 × C57Bl/6) mixed background.
Noon on the day of the vaginal plug is E0.5.
Lung endoderm cultures
Embryos were dissected at E12.5. Distal lung tips were isolated using
tungsten needles. Mesoderm-free distal endoderm was isolated as described
(Weaver et al., 2000; Liu et al., 2004) and embedded in growth factor-reduced
Matrigel™ (Collaborative Biomedical Products, Bedford, MA) diluted 1:1 in
culture medium (50% DMEM:50% Ham's F12, 0.1% BSA, 0.05 mg/ml
penicillin/streptomycin) and supplemented with recombinant human FGF2
(30ng/ml, cat. #F0291, Sigma) and FGF7 (30ng/ml, R&D). After polymeriza-
tion of the Matrigel™ at 37°C, explants were covered with FGF-supplemented
culture medium and cultured at 37°C and 5% CO2 for up to 4 days. Medium was
replaced after 48 h.
The time-lapse movies were made on a fully motorized Zeiss Axiovert 200
as previously described (Liu et al., 2004). Briefly, DIC images were acquired
every 20 min for 72 h and edited using Metamorph v6.1 (Universal Imaging.
Inc.) and subsequently converted into AVI movies.
β-Gal staining
Embryonic lungs were fixed in 4% paraformaldehyde in PBS (pH 7.4),
permeabilized in 2 mM MgCl2, 0.01% NaDeoxycholate, 0.02% NP-40, stained
with X-gal overnight at 37°C, embedded in paraffin wax, sectioned at 7 μm and
counterstained with eosin. β-Galactosidase staining of cultured lung endoderm
was as described (Weaver et al., 2000) and Supplementary Fig. 1K).
In situ hybridization
Digoxigenin (DIG) or fluorescein-labeled antisense cRNA probes to mouse
Sftpc and rat Scgb1a1 were synthesized using T7 or SP6 RNA polymerase and
double in situ hybridization performed as described (Okubo and Hogan, 2004).
Probes to mouse Bmpr1a (Alk3) and Bmpr1b (Alk6) were made using [α-35]S-
UTP (Perkin Elmer Life Sciences) and radioactive section in situ hybridization
performed as described (Hogan et al., 1994).
Immunohistochemistry
The following primary antibodies were used on paraffin sections: rabbit
polyclonal antibodies to phospho-Histone H3 (1:1000, Upstate Biotechnology);
phospho-Smad 1/5/8 and cleaved caspase-3 (1:200, Cell Signaling Technology)
and Bmpr1a (1:500, a kind gift from P. ten Dijke, Netherlands Cancer Institute);
and hamster monoclonal anti-Gp38 (1:1000, University of Iowa Hybridoma
Bank). For agarose-embedded vibratome sections: rabbit polyclonal antibodies
to ankyrin G (1:1000) and laminin (1:200) (kind gifts from K. Kizhatil and H.
Erickson, respectively; Duke University Medical Center), mouse monoclonal
antibodies to SMA (1:200, clone 1A4, Sigma) and ZO-1 (1:250, K. Kizhatil),
and rat monoclonal antibodies to PECAM-1/CD31 (1:500, BD Pharmingen) andE-cadherin (1:250, Zymed Laboratories Inc.). Briefly, lungs were fixed in 4%
paraformaldehyde (PFA) at 4°C overnight and embedded in paraffin. Sections
were cut at 7 μm and microwaved in 10 mM citrate solution (pH 6) for 4–10
min. pSmad1/5/8 staining was as described (Ahn et al., 2001) but with a 1:200
dilution. For vibratome sections, specimens were fixed in 4% PFA (1–2 h 4°C),
embedded in 4% agarose in PBS and cut at 40 μm. Secondary antibodies used
were biotin–goat anti-rabbit, Cy3-goat anti-rabbit, biotin–donkey anti-rabbit,
Cy3-donkey anti-rabbit, Cy5-donkey anti-rat, Alexa Fluor 488-donkey anti-
mouse (all at 1:1000 and from Jackson Laboratory).
RT-PCR
Total RNA was extracted using the RNeasy Kit (Qiagen, Valencia, USA).
cDNA was synthesized from 1 μg total RNA using SuperScript™ First-strand
Synthesis Kit (Invitrogen). Primer sets were:
ankyrinG 5′-GAGCCTAAGCAGGGAGAAGG, 5′-GTGGCACAGGTGTQ
TGTTTTG
Bax 5′-GTAGCTCCAAGGACGGTGAG, 5′-TGCACAGATGCACACAQ
ACAG
Birc5 5′-GAGGCCCTAGGTTCAATTCC, 5′-TCCTTCAGCCAGCCAAQ
ATAG
Birc4 5′-TCCAGAATCCTATGGTGCAAG, 5′-GTGGCCAGATGTCCAQ
CAAG
Bmpr1a 5′-GACACCTTTTGCTGTCATCATC, 5′-TTATGGGATGACCCQ
TTCCTG
cyclin D1 5′-TGGCCTCTAAGATGAAGGAG, 5′-CAGATGTCCACATCQ
TCGCAC
E-cadherin 5′-CAACACGTCCCCCTTTACTG, 5′-GCTGGCTCAAATCQ
AAAGTCC
FoxA2 5′-CAACATGTTCGAGAACGGCTG, 5′-CTGGAGTACACTCCQ
TTGGTAG
p21 5′-ATGTCCAATCCTGGTGATGTCCG, 5′-CTTCAGGGTTTTCTCQ
TTGCAG
Shh 5′-GTGAAGCTGCGAGTGACCG, 5′-CCTGGTCGTCAGCCGCCAQ
GCACGC
The primers for Nmyc and β-actin were as described (Okubo et al., 2005).
Each experiment was performed in triplicate using cDNA from 3 wild-type and
4 mutant E16.5 lungs.
Electron microscopy
Tissue was fixed in 2% glutaraldehyde/1% formaldehyde in 0.1 M
Cacodylate buffer (pH7.2) (ElectronMicroscopySciences) overnight at 4°C,
postfixed in 1% osmium tetroxide in 100 mM KPO4 buffer, pH6.1, on ice, for
2 h, stained en bloc with 2% aqueous uranyl acetate for 1 h and embedded in
Araldite 506 mix (EMS). Thin sections were stained with 2% KmnO4,
followed by Sato lead stain. Images were recorded on SO163 EM film with a
Philips EM 420.
Apoptosis and cell proliferation
Apoptosis was quantified by counting total numbers of cleaved caspase-3-
positive cells per lung section of the same total area of 3 wild-type and 4 Bmpr1a
conditional mutant lungs at E18.5.
Cell proliferation was quantified by BrdU incorporation and phospho-
Histone H3 immunoreactivity. Briefly, cell proliferation reagent (BrdU 3 mg/ml,
FdU 0.3 mg/ml, GEHealthcare, UK) was injected intraperitoneally into pregnant
females at a dose of 10 μl/g bodyweight. After 1 h, embryonic lungs were
collected and fixed in 4% paraformaldehyde in PBS (pH 7.4). For
immunohistochemistry, BrdU monoclonal antibody (1:500, Sigma, St. Louis,
MO, USA) was used, in combination with MOM-blocking solution (Vector
Laboratories, Burlingame, CA, USA). The proportion of BrdU-positive nuclei
over total number of nuclei was estimated from 4 wild-type and 5 Bmpr1a
conditional mutant lungs at E15.5. For estimating phospho-Histone H3 staining,
the proportion of positive nuclei over total DAPI stained nuclei in the epithelium
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acquired from sections of E16.5 wild-type and Bmpr1a conditional mutant lungs.
Results
Deleting Bmpr1a specifically in lung endoderm leads to severe
abnormalities in lung development
Both Bmp receptor 1a RNA and protein are expressed
throughout the embryonic mouse lung, while transcription of
Bmpr1b is restricted to the proximal endoderm (Supplemental
Figs. 1A–F). To determine the function of Bmpr1a specifically
in epithelial cells, we utilized a line of transgenic mice (Sftpc-
cre) in which cre recombinase is expressed specifically in the
epithelium, from around E10.5 (Okubo and Hogan, 2004;
Okubo et al., 2005). Transgenic Sftpc-cremice heterozygous for
a null allele of Bmpr1a were crossed with mice homozygous for
a floxed allele (Bmpr1aflox) (Fig. 1A). All of the Sftpc-cre;
Bmpr1anull/flox compound mutant pups that were born (n = 12)
died or were euthanized within 2 days with severe respiratory
distress. In addition, all conditional mutant embryos of the same
genotype examined at E18.5 (n = 16) had highly abnormal lungs
containing large, fluid-filled (emphysematous) sacs (Figs. 2G,
H, J, K and Table 1). No difference was observed between wild-
type and Bmpr1a conditional mutant lungs at E12.5 (Figs. 2A,
B). Abnormalities were first observed at E16.5 and appeared to
be confined at this time to the distal regions of all four lobes
(Figs. 2D, E). As will be discussed later, less severe and moreFig. 1. Strategy for conditional deletion of Bmpr1a and Bmp4 in lung epithelium. (A)
the percentage of lungs with abnormalities between E17.5 and newborn (see Table 1).
detected in the lung and not the liver. The unrecombined Bmpr1aflox allele in the cre(+
Generation of conditional Bmp4 heterozygous mutant embryos. Note: approximatelvariable abnormalities were also seen between E16.5 and birth
in the lungs of about 46% of transgenic embryos heterozygous
for the wild-type and Bmpr1aflox alleles (Figs. 2C, F, I, L and
Table 1). This phenomenon was not seen when the Cre
transgene was carried on the C57Bl/6 background (6/6 Cre(+);
Bmpr1a+/flox lungs were normal, data not shown).
Several lines of evidence support the conclusion that efficient
inactivation of the floxed Bmpr1a allele takes place in epithelial
cells expressing the Sftpc-cre transgene. First, the presence of the
deleted allele was confirmed by genotyping (Fig. 1B). Second,
the level of phosphoSmad1/5/8 protein, a component of the
canonical BMP signaling pathway which is normally high in the
distal epithelium, was markedly reduced in mutant lungs (Figs.
3A, B). Finally, analysis of Sftpc-cre;Bmpr1anull/flox lungs also
carrying the Rosa26R reporter allele (Gt(Rosa)26Sortm1Sor)
confirmed that recombination at the Rosa 26 locus had taken
place throughout the epithelium (Supplemental Figs. 1I, J). For
additional evidence for the specificity of the effect of cre driven
by Sftpc, we crossed transgenic mice with mice homozygous for
Fgf4flox/flox (Sun et al., 2000), a gene not expressed in the
developing lung. All cre(+);Fgf4flox/+ lungs at E17.5 (n = 9) and
E18.5 (n = 22) were normal (data not shown).
Conditional deletion of Bmpr1a leads to reduced proliferation
and extensive apoptosis
Although the overall dimensions of the conditional Bmpr1a
mutant lungs were not very different from those of wild type atGeneration of Sftpc-cre-mediated conditional mutant embryos. Asterisks refer to
(B) Genotyping of crosses. Note that the recombined (Δexon2) Bmpr1a allele is
) lungs presumably derives from the mesoderm in which cre is not expressed. (C)
y 50% of cre(+);Bmp4loxplacZ/+ lungs are abnormal (see Table 3).
Fig. 2. Conditional deletion of Bmpr1a results in severely abnormal lung development. (A–C) At E12.5, there is no significant difference in lung morphology between
cre(−);Bmpr1a+/flox (A, wild type), cre(+);Bmpr1a−/flox (B, homozygous null mutant) and cre(+);Bmpr1a+/flox (C, heterozygous mutant). (D–F) By E16.5, abnormal
phenotypes are observed in homozygous mutants (E, n = 38/42), particularly in distal regions (white box), and in approximately 50% of all heterozygous mutants (F,
n = 21/44). (G–L) By E18.5, all homozygous mutants (H, n = 16) appear very abnormal with large, fluid-filled sacs (K). (J–L) Sections stained with hematoxylin and
eosin. (I, L) Variable abnormal phenotypes are also seen in about 50% of heterozygous mutants at this stage (n = 9/17). Scale bars: 250 μm.
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spaces (Figs. 2G, H, J, K). This suggested that there had been
reduced cell proliferation and/or increased cell death prior to
E18.5. To examine cell proliferation before any morphologicalTable 1
Correlation between genotype and phenotype of conditional Bmpr1a mutant lungs
Genotype % Total E14.5 E15.5
cre(+);Bmpr1anull/flox 26.1% (83/318) 0/2 2/3
cre(+);Bmpr1a+/flox 24.5% (78/318) 0/3 1/2
cre(−);Bmpr1anull/flox 23.6% (75/318) 0/2 0/5
cre(−);Bmpr1a+/flox 25.8% (82/318) 0/3 0/4
Proportion of embryos/newborn pups with abnormal lung phenotype from crosses w
number of abnormal lungs/total number of lungs.abnormalities have become obvious, E15.5 embryos were
exposed in vivo to a 1-h pulse of BrdU. Approximately 80%
of the nuclei in the wild-type distal epithelium were labeled by
this procedure at this time, a value very similar to that found inE16.5 E17.5 E18.5 P0 % Abnormal
38/42 4/4 16/16 16/16 91.6% (76/83)
21/44 2/3 9/17 3/9 46.2% (37/78)
0/34 0/5 0/11 0/18 0% (0/75)
0/30 0/3 0/19 0/23 0% (0/82)
ith the Cre transgene on the ICR background. Values at different ages represent
Fig. 3. Reduced BMP signaling, cell proliferation and increased apoptosis in conditional cre(+);Bmpr1a−/flox mutant lungs. (A, B) phospho-SMAD1/5/8 (black)
staining at E17.5. Cre(+);Bmpr1a−/flox lungs (B) display lower levels of pSMAD1/5/8 protein compared to wild type (A). Asterisks mark lumen of spaces. (C) Gene
expression assayed by RT-PCR of total RNA of wild-type and mutant lungs at E16.5. Represented are genes implicated in promoting (Bax) or inhibiting (Birc5/
survivin, Birc4/XIAP) apoptosis and in the progression (cyclin D1) or inhibition (p21WAF1/Cip1) of the cell cycle. (D–F) BrdU incorporation at E15.5. Sections of wild-
type (D) and cre(+);Bmpr1a−/flox conditional mutant (E) lungs after a 1-h pulse in vivo with BrdU followed by immunohistochemistry. The percent of cells in S-phase
in the distal epithelium of mutant lungs is greatly reduced compared to wild type (D, E; asterisk in panel F, P b 0.0001). However, no significant change in cell
proliferation is observed in proximal epithelium (insets in panels D, E; F, P = 0.07). (G–I) Cleaved caspase-3 (red) staining at E18.5 reveals many apoptotic cells in
mutant lungs (H) but only a few in wild type (G) (white arrowheads). (I) Quantification of data presented in panels G and H. Field = field of view under 200×
magnification. In conditional mutants with large spaces devoid of cells, the total number of cells in a given field is less than in wild type which makes any increase in
the proportion of apoptotic cells more significant. Student's t test (P b 0.0001). 10–15 fields of 4 different cre(+);Bmpr1a−/flox and 3 wild-type lungs were analyzed.
Sections are counter-stained with Eosin (A, B, D, E) or DAPI (G, H). WD, wild-type distal epithelium; WP, wild-type proximal epithelium; MD, mutant distal
epithelium; MP, mutant proximal epithelium. Scale bars: 50 μm.
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only about 45% of the distal epithelial cells in conditional mutant
lungs were labeled (Figs. 3E, F). No significant difference was
seen in the labeling of proximal epithelial cells between mutant
and wild type (Figs. 3D, E insets, F). Further evidence for
reduced proliferation comes from immunohistochemistry with
antibodies to phospho-Histone H3, a marker for cells in late G2
and mitosis. As shown in Figs. 4A, B and I, there was aFig. 4. Branching morphogenesis and proliferation, vascularization and epithelial cel
Bmpr1a−/flox mutant (B, D) lungs at E16.5 were either double labeled with antibodie
mitosis) and smooth muscle actin (SMA) (A, B), or triple labeled with SMA, platel
laminin (C, D). Mutant lungs (B) lack the finer distal airways present in wild-type lun
vessels (yellow arrowheads) and branching airways. (B) pHH3 (red) is greatly re
quantification of pHH3 labeling in mesenchyme (see I below). (C, D) PECAM (blue
lungs (D). Laminin (red) staining reveals a basal lamina beneath abnormal regions (a
lungs hybridized with riboprobes for Scgb1a1 (secretoglobin 1a1, a marker for differ
high levels, for Type II cells). (E) In wild type, bronchioles are lined with Clara cel
bronchiolar epithelial cells differentiate normally (red), but there are significantly few
the lung. (G, H) Staining with antibody against Gp38 (glycoprotein 38, an apical s
presumed Type I cells around the large sacs. (I) Quantification of data presented in (A)
lung. 12–15 regions of 3 different cre(+);Bmpr1a−/flox and 3 wild-type lungs were ana
(K) Gene expression assayed by RT-PCR of total RNA of wild-type and mutant lungs
similar abnormal phenotype. Nuclei are stained with DAPI. bv, blood vessel; br, brosignificant reduction in labeling of cells in the epithelium of the
compound mutant lungs at E16.5, when morphological changes
were first observed. This analysis also showed a reduction in
proliferation in the mesenchyme at E16.5 (Fig. 4J). This may be
secondary to changes in the epithelium, for example, to a
reduction in the level of sonic hedgehog (Fig. 4K), which
mediates paracrine signaling from endoderm to mesoderm
(Weaver et al., 2003). Taken together, these results suggest thatl differentiation. Vibratome sections (30–40um) of wild-type (A, C) and cre(+);
s against phosphorylated histone H3 (pHH3, which marks cells in G2/M and in
et endothelial cell adhesion molecule (PECAM, a marker of blood vessels) and
gs (white arrows in A). Note: SMA (green) marks smooth muscle in both blood
duced in mutant lungs. White boxes mark typical 200-μm2 regions used for
) staining reveals little difference in vascularization of wild type (C) and mutant
rrowheads, D). (E, F) Sections of wild-type and severely affected E18.5 mutant
entiated Clara cells) and Sftpc (surfactant protein C, a marker, when expressed at
ls (red) and future alveoli contain Type II cells (green). (F) In the mutant lung,
er Type II alveolar cells (green). Asterisks in panels E–Hmark the distal limits of
urface marker of Type I cells in developing saccules at this stage) shows some
and (B) showing reduced proliferation in epithelium and mesenchyme of mutant
lyzed. Student's t test: P b 0.001. (J) Similar quantification for the mesenchyme.
at E16.5. Foxa2 andNmyc represent two genes that, when ablated, contribute to a
nchiole. Scale bars: (A, B) 200 μm; (C–H) 50 μm.
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normal proliferation of both the epithelium and, indirectly, the
mesoderm.
To determine whether apoptosis plays a role in generating the
abnormal phenotype of conditional mutant lungs, sections of
E18.5 lungs were stained with antibodies to cleaved caspase3, a
marker for cells undergoing apoptosis. Very few apoptotic cellswere detected in wild-type lungs. By contrast, many such cells
were seen in sections of conditional mutant lungs (Figs. 3G, H and
I). Further evidence for apoptosis in mutant lungs came from RT-
PCR analysis of gene expression at E18.5. The levels of transcripts
for the proapoptotic gene, Bax (encoding Bcl2-associated X
protein), and the cell cycle inhibitor, p21, were higher in Sftpc-cre;
Bmpr1anull/flox lungs than in wild type (Fig. 3C), while the level of
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(XIAP), as well as cyclin D1 was reduced. Finally, analysis of
mutant lungs by transmission electron microscopy (TEM)
revealed epithelial cells with typical apoptotic morphology as
early as E16.5 (Figs. 5B–D). No morphological evidence for
autophagy or necrosis was seen, and levels of RNA for LAMP-2, a
marker for autophagy, were unchanged (data not shown).
Abnormal morphogenesis of conditional mutant lungs
Analysis of thick (40 μm) vibrotome sections of wild-type
and conditional mutant lungs at E16.5 showed a clear reduction
in the number of the more distal, smaller branches of the
epithelium, consistent with an inhibition of stereotypic branch-
ing morphogenesis. However, the proximal bronchi and
bronchioles that do form are surrounded as normal in smooth
muscle, and the blood vessels also appear normal (Figs. 4A–D).
Analysis of the mutant lungs at E18.5 revealed a significant
reduction in the number of epithelial cells expressing high levels
of surfactant protein C (Sftpc) characteristic of mature Type II
cells (Figs. 4E, F, for RNA, and data not shown for protein). By
contrast, the expression of secretoglobin1a1 (Scgb1a1 or CC10)
in proximal endoderm appeared unaffected (Figs. 4E, F).
Significantly, Scgb1a1 expressing cells did not extend close to
the periphery of the mutant lungs, as described in transgenic
lungs expressing elevated levels of noggin or gremlin,
antagonists of BMP ligand binding to cognate receptors
(Weaver et al., 1999; Lu et al., 2001).
Immunohistochemistry was performed at E18.5 with anti-
bodies to Gp38 (glycoprotein 38; T1alpha). This glycoprotein is
expressed at high levels on Type I alveolar cells (Williams et al.,
1996) and also on immature lung epithelial cells (our
unpublished observations). In wild-type lungs, Gp38 labeling
was clearly confined to epithelial cells lining the terminal
saccules/immature alveoli and was absent from the bronchioles
(Fig. 4G). In conditional mutant lungs, Gp38-positive cells were
present around the large fluid filled spaces, suggesting that at
least some of these cells were possibly differentiating into Type
I cells (Fig. 4H).
The overall morphology of conditional Bmpr1a mutant
lungs resembled that of lungs in which the NMyc gene was
deleted specifically in the epithelium (Okubo et al., 2005).
This extended to the finding that when the cre transgene is
carried on the ICR background about 50% of heterozygous
cre(+); Bmpr1aflox/+, like 50% of cre(+);Nmycflox/+ lungs,
have an abnormal phenotype (Table 1; see Discussion). In
addition, a similar morphology was seen when both Foxa1
and Foxa2 were inactivated in the epithelium (Wan et al.,
2005). We therefore assayed the expression of both Nmyc
and Foxa2 in the conditional mutant lungs by RT-PCR of
total RNA and found them reduced compared with wild type
(Fig. 4K).
Ultrastructural analysis of Bmpr1a conditional mutant lungs
At E16.5, the earliest stage at which gross abnormalities are
consistently seen (Fig. 2), electron microscopy showed thatsome epithelial cells in the periphery of conditional mutant
lungs are undergoing apoptosis, while others have been
expelled into the enlarged spaces (Figs. 5B–D). However,
epithelial cells in mitosis are also clearly present (Fig. 5C). Most
of the epithelial cells in the periphery of the lung have a more
rounded morphology than the wild-type cells, which typically at
this stage have a tall columnar shape, with extensive lateral
membranes (compare Figs. 5A and B). However, the junctional
complexes at the apical/lateral region of the mutant cells appear
normal and intact (Figs. 5B, H, L). The reduced lateral contact
between mutant epithelial cells was confirmed by staining
sections with antibodies to E-cadherin and ankyrin G,
components of the lateral membrane (Kizhatil and Bennett,
2004; Figs. 5E–L). In addition, downregulation of the relevant
genes was shown by RT-PCR analysis of lung RNA (Fig. 5M).
The continued presence of apical complexes was confirmed
using antibodies to ZO-1 (Figs. 5H, L). The basal lamina of the
mutant distal epithelium was also intact and continuous, in spite
of a larger space between the mesenchyme and blood vessels
and the epithelium (Figs. 5B and D) compared to their close
apposition in wild type (Fig. 5A).
The proximal epithelium of the bronchioles appeared normal
in both mutant and wild type, with tall columnar cells closely
apposed to underlying mesenchyme (data not shown).
Phenotype of mutant lungs in which cell death is genetically
rescued
The fact that many of the distal epithelial cells in conditional
mutant lungs undergo apoptosis made it difficult to determine
whether absence of Bmp signaling affects their ability to
differentiate, for example, into distal pre-alveolar Type II cells.
We therefore generated (Fig. 6A) mutant embryos that were
homozygous null for Bax, a major proapoptotic gene that is
upregulated following deletion of Bmpr1a (see Fig. 3C). All of
the cre(+);Bmpr1anull/flox;Bax−/− lungs examined (P0, n = 3,
Figs. 6B, B‴ and D; E18.5, n = 1) had a very different internal
morphology compared to lungs wild type for Bmpr1a and either
Bax−/− (P0, n = 2, Figs. 6B, B′ and C; E18.5, n = 4), Bax+/− or
Bax+/+, and lungs of other genotypes (Figs. 6B, B″; see
Supplementary Table 1). They contained extensive regions of
closely packed epithelial cells surrounded by mesenchyme (Fig.
6D). This suggests that while epithelial cell survival had been
rescued, branching morphogenesis had not. Significantly,
immunohistochemistry showed Scgb1a1 protein expression in
the proximal epithelium and in some regions, more close to the
periphery than normal (compare Figs. 6E and F). Many Sftpc
positive cells were seen in the remaining regions of the lung
(compare Figs. 6G and H).
Evidence that Bmpr1a regulates epithelial cell behavior
through autocrine Bmp signaling
Bmps are produced by both the lung epithelium and the
mesenchyme (Bellusci et al., 1996; Chuang et al., 2003).
Deleting Bmpr1a in the epithelium does not by itself reveal
the relative importance of these different sources of Bmps
Fig. 5. Organization of wild-type and mutant lungs. (A–D) Electron micrographs of normal (A) and cre(+);Bmpr1a−/flox distal lung epithelium at E16.5 (B–D). (A) In
the wild type, distal epithelial cells are well polarized and columnar, with nuclei located basally. Mesenchyme underlying the distal epithelium is closely apposed to the
basal lamina (arrowheads). (B) Distal epithelial cells of mutant lungs appear rounder and less well polarized with apoptotic cells (white arrowhead). Adherens junctions
are still present (arrows). Although the basal lamina appears continuous (black arrowheads), there is less close association with the underlying mesenchyme. (B–D) In
the mutant lungs, mitotic (arrow) and apoptotic cells (arrowhead) appear along the distal epithelium and in the lumen. The larger space between the epithelium and
mesenchyme is evident. (D) Some distal epithelial cells (asterisk) appear to be actively extruded from the epithelium. (E–L) Confocal immunofluorescence, DIC, and
merged images of lung sections with wild type (E–H) and mutant (I–L) distal epithelial cells showing distribution of ankyrin G (blue) and E-cadherin (red) (markers of
lateral membrane). (H, L) Higher magnification of a single intercellular contact region triple stained with ankyrin G, E-cadherin and ZO-1 (green; a marker of adherens
junctions). Note the reduced area of lateral membrane contact in mutant cre(+);Bmpr1a−/flox epithelial cells compared with wild type (boxes in E, I and square brackets
in H, L). Yellow dashed lines mark apical cell surface. (M) Gene expression assayed by RT-PCR of total RNA of wild-type and mutant lungs at E16.5 confirm the
reduced expression of proteins in lateral membranes. Scale bars: (A, B, D) 3 μm; (C) 6 μm; (E–G, I–K) 25 μm; (H, L) 1 μm.
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question is to culture mesenchyme-free epithelium in
Matrigel™ with Fgfs (Nogawa et al., 1998; Ohtsuka etal., 2001; Liu et al., 2004). When wild-type endoderm from
E12.5 lungs is cultured in this way, the epithelium continues
to proliferate and undergoes secondary budding over the
Fig. 6. Genetic rescue of cell death. (A) Strategy for generating Bax homozygous null Bmpr1a conditional mutant lungs. (B) PCR genotyping of crosses. (B′–B‴) Low
magnification images showing H and E stained sections of whole left lobes. (B′) Control cre(−);Bmpr1a+/flox; Bax−/− lung (B″) Bax heterozygous Bmpr1a conditional
mutant lung (cre(+);Bmpr1a−/flox;Bax+/−) display typical abnormal cystic phenotype. The pup was in respiratory distress. (B‴) Rescued mutant lungs were cre(+);
Bmpr1a−/flox; Bax−/−. Loss of both alleles of Bax in Bmpr1a conditional mutant lungs results in the genetic rescue of cell death. The pup was not in respiratory distress.
(C, D) H and E staining. Note the thin epithelium and developing septae (arrowheads) characteristic of normal lungs at P0 (C). In Bax rescued Bmpr1a mutant lungs
(D), the epithelium and mesenchyme are closely packed together and disorganized. (E, H) Bmpr1a is not required for the differentiation of Clara (E, F) and/or Type II
alveolar (G, H) cells. Immunohistochemistry shows that Clara cells labeled for secretoglobin 1a1 (Scgb1a1, red) are often observed near the periphery (asterisk) of
rescued mutant lungs (compare E and F). The number of Sftpc-positive (red) type II alveolar cells is greatly increased over that seen in lungs in which cell survival is
not rescued (see Fig. 4F). Scale bars: 250 μm.
76 M.C. Eblaghie et al. / Developmental Biology 291 (2006) 67–82
Fig. 7. Response of cultured endoderm in Matrigel to exogenous FGFs. (A–D) Wild-type control cultures. (A) Isolated endoderm at 4 h (n = 45). (B) After 14 h, early
signs of budding appear as raised bumps (arrowheads). (C) By 24 h, several buds develop as the cultured endoderm continues to proliferate. (D) At 48 h, the endoderm
has a highly budded surface. (E–H) cre(+);Bmpr1a−/flox conditional mutant cultures. (E) Isolated endoderm at 4 h. (F) At 14 h, the early signs of budding seen in wild
type are absent. (G) By 38 h, the cultured mutant endoderm has not recovered from the delay in the onset of budding. (H) After 70 h, the cre(+);Bmpr1a−/flox endoderm
does not achieve the same morphology as wild type, instead forming large folds (asterisk). Scale bars: 50 μm.
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tary Movies 1 and 2). None of these samples were devoid
of buds at 72 h. Moreover, the epithelium expresses Bmp4,
as judged by strong expression of β-galactosidase by
endoderm carrying the Bmp4lacZ “knock-in” reporter allele
(Supplementary Fig. 1K and Weaver et al., 2000). By
contrast, most of the endoderm samples from Sftpc-cre;
Bmpr1anull/flox conditional mutant lungs had fewer or no
buds and a “collapsed” and folded morphology (Figs. 7E–H,
Table 2 and Supplementary Movies 3 and 4). The genesis of
this altered morphogenesis was followed by time-lapse
microscopy (see Supplementary Movies 1–4). Over the
first 20 h or so, the control and mutant samples behaved
similarly, with the cut ends of the endoderm sealing to formTable 2
Summary of lung endoderm cultures
Genotype Number of lungs Number of primary bud
cre(+);Bmpr1anull/flox 12 44
cre(+);Bmpr1a+/flox 11 43
cre(−);Bmpr1anull/flox 13 50
cre(−);Bmpr1a+/flox 16 62
Total 52 199
Correlation of genotype and budding morphogenesis after 48 h of culture. Budding
a Similar abnormal morphogenesis as shown in Figs. 7E–H and Supplementarya vesicle which then grew and expanded. However, rather
than form secondary buds, the mutant vesicles subsequently
appeared to slowly collapse and the epithelium folded down
on itself. In this assay system, there was no apparent
phenotype in endoderm carrying only one functional
Bmpr1a allele.
Conditional deletion of Bmp4 in the epithelium also leads to
abnormal lung morphogenesis
The results described above support a model in which Bmp4
produced by the epithelium functions locally in an autocrine
manner. This model predicts that deleting Bmp4 specifically in
lung epithelium in vivo would also lead to abnormal lungs Secondary budding score
High Moderate Low Abnormal a
0/44 2/44 13/44 29/44 (65.9%)
17/43 13/43 10/43 3/43 (7.0%)
26/50 12/50 9/50 3/50 (6.0%)
41/62 10/62 11/62 0/62 (0%)
score: high (N15 secondary buds), moderate (5–15), low (b5).
Movies 3 and 4.
Fig. 8. Conditional deletion of one allele of Bmp4 results in an abnormal lung phenotype. (A, B) At E12.5, wild-type and heterozygous cre(+);Bmp4loxplacZ/+
conditional mutant lungs appear morphologically indistinguishable. (B) LacZ expression confirms cre-mediated deletion of Bmp4 coding sequence specifically in
distal epithelium. (C, D) By E16.5, approximately 50% of heterozygous lungs have some abnormal phenotype (see Table 3). (D) Section of abnormal region of lung in
(C) showing LacZ expression in the epithelium lining the large fluid-filled spaces. Note: abnormal phenotype is confined to distal regions of the lung (insets in panels
C, D). Scale bars: (A, B) 250 μm; (C, D) 200 μm.
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transgenic mice with mice homozygous for Bmp4loxplacZ. This
allele is engineered so that deletion of the Bmp4 coding
sequence results in the β-galactosidase gene being brought
under the control of the endogenous Bmp4 gene regulatory
sequences (Kulessa and Hogan, 2002). Consequently, cells that
express β-galactosidase are effectively heterozygous for the
Bmp4 gene. Analysis showed that all the lungs carrying both cre
and Bmp4loxplacz alleles undergo recombination from at least
E12.5 (compare Figs. 8A and B). Of the cre(+); Bmp4loxplacz/+
lungs, about 50% (n = 16/35; Table 3) sampled at E16.5 (Figs.
8C, D and Supplementary Fig. 2) and E18.5 (data not shown)
have some abnormal regions with large sacs and resemble Sftpc-
cre positive lungs heterozygous for Bmpr1aflox/+ (Figs. 2F, I).
Cell proliferation as judged by phospho-Histone H3 immuno-
reactivity was reduced in conditional Bmp4 heterozygous lungs
(Supplementary Figs. 2A–F) and cleaved caspase-3 staining
revealed greatly elevated levels of apoptosis (Supplementary
Figs. 2G–L).
Discussion
Bmp signaling is required for proliferation of the distal
embryonic lung epithelium
We have used the Cre-lox approach to delete Bmpr1a
specifically in the epithelium of the developing lung, thereby
circumventing the early lethality of the null embryos (Mishina
et al., 1995). The dramatic results of Bmpr1a deletion, which
result in the failure of the lung to sustain life for more than 2 or 3
days after birth, establish that signaling through Bmpr1a isTable 3
Correlation between genotype and phenotype of Bmp4 heterozygous lungs
Genotype % Total E12.5
cre(+);Bmp4loxplacZ/+ 46.7% (49/105) 0/12
cre(−);Bmp4loxplacZ/+ 53.3% (56/105) 0/15
Proportion of embryos/newborn pups with abnormal phenotype from crosses with
represent number of lungs with abnormal phenotype/total number of lungs.required for the normal proliferation and survival of distal
epithelial cells. By contrast, the proximal epithelial cells, which
also express Bmpr1b, appear unaffected. This suggests that
there is redundancy between the two receptors in the proximal
endoderm.
Although the Sftpc-cre transgene is expressed as early as
E10.5 (Okubo and Hogan, 2004), the first morphological
abnormalities are not seen until around E16.5. However, prior to
this time, there is reduced cell proliferation specifically in the
distal epithelium, as quantified by BrdU labeling after a 1-
h pulse in vivo. Several recent studies have reported epithelial
over proliferation as a result of conditional loss of Bmpr1a gene
function (Andl et al., 2004; He et al., 2004; Rountree et al.,
2004; Kobielak et al., 2003; Suzuki et al., 2003). However,
diminished cell proliferation has also been observed in a few
cases, including the maxillary mesenchyme of the mouse
embryo (Liu et al., 2005). Bmpr1a is also required cell
autonomously for the maintenance of pluripotent mouse
embryo epiblast cells (Mishina et al., 1995) and for the
derivation of embryonic stem (ES) cells from them (Qi et al.,
2004). This latter function appears to be mediated through an
Smad-independent pathway. In the case of the lung epithelium,
further conditional gene inactivation studies will be needed to
determine whether all of the functions mediated by Bmpr1a are
Smad dependent. Meanwhile, it should be noted that over-
expression in the embryonic mouse lung epithelium of Smurf1,
a ubiquitin ligase specific for degradation of Smad1 and Smad5,
results in reduced epithelial cell proliferation and reduced
differentiation (Shi et al., 2004). On the other hand, deletion of
Tab1, a component of the MAP kinase signaling pathway
downstream of TGFβ family members, also leads to reducedE16.5 E18.5 P0 % Abnormal
10/17 6/6 9/14 51% (25/49)
0/20 0/9 0/12 0% (0/56)
the Cre transgene on the ICR background. Values for the developmental ages
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(Komatsu et al., 2002).
Precisely how the absence of Bmpr1a in the epithelium leads
to an early reduction in epithelial cell proliferation is an open
question. We see evidence for both downregulation of
transcription of cyclin D1, one of the key factors regulating
progression through the G1-S transition of the cell cycle
(Albrecht and Hansen, 1999; Ciemerych and Sicinski, 2005;
Golsteyn, 2005; Harper and Brooks, 2005; Inze, 2005) and for
elevated expression of p21WAF1/Cip1. This tumor suppressor and
inhibitor of cyclin D1 normally functions to restrain cell
proliferation in airway epithelial cells (Blundell et al., 2004). It
is also possible that Bmp signaling promotes cell proliferation
and survival at least in part through upregulating the expression
of the proto-oncogene, NMyc, for example, through a Smad-
dependent mechanism (Hu and Rosenblum, 2005). In support of
this hypothesis, the Bmpr1a conditional mutant phenotype is
very similar to that obtained by deleting both copies of Nmyc in
the lung epithelium (Okubo et al., 2005), and levels of Nmyc
expression are reduced in the conditional mutant Bmpr1a lungs.
In addition, when the Cre transgene is carried on the ICR
background, about 50% of both cre(+); Bmpr1aflox/+ and cre
(+); NMycflox/+ heterozygous mutant lungs show a similar
abnormal phenotype. This heterozygous phenotype is most
likely due to modifier gene(s) segregating in the crosses used to
generate the conditional mutants. When the Sftpc-cre transgene
on the ICR background is backcrossed for 4 generations onto
the C57Bl/6 background, the heterozygous effect with Nmyc is
no longer obtained, while the homozygous phenotype is still
seen (20/20 Cre(+);Nmycflox/+ have normal lung phenotype; T.
Okubo, unpublished results). Similarly, we found no abnormal-
ities in 11/11 Cre(+); Bmpr1aflox/+ lungs on this background.
This suggests that similar modifiers affect the phenotype of the
Bmpr1a heterozygous conditional mutant lungs.
Evidence that Bmpr1a regulates epithelial cell survival and
morphology
Our analysis of conditional mutant lungs shows morpholog-
ical evidence for both apoptosis and extrusion of cells from the
epithelium at E16.5. In addition, at E18.5, there is extensive
staining of the mutant lungs with antibody to cleaved caspase-3,
a marker for apoptotic cells. There are at least two possible
explanations for the appearance of these dead and extruded cells.
Both explanations depend upon the fact that Bmpr1a recombi-
nation is probably asynchronous, so that cells that have already
undergone recombination are likely to be intermingled initially
with cells that are still normal. According to the first model, cells
in which Bmpr1a deletion has taken place are at a disadvantage
when competing for growth and survival factors with neighbor-
ing wild type cells. This model of “cell competition” has recently
been elegantly described in the Drosophila wing imaginal disc
where slowly proliferating cells expressing high levels of the
gene brinker (brk), a transcription suppressor of decapentaplegic
(Dpp)/BMP signaling, are at a disadvantage compared with
wild-type cells in competing for, or responding to, endogenous
ligand (Moreno et al., 2002; Giraldez and Cohen, 2003; Martinet al., 2004). In the second model, Bmp signaling may directly
suppress the expression of proapoptotic genes such as Bax. In
both these cases, slow growing/dying or apoptotic mutant cells
may be actively extruded from the epithelial sheet by the
behavior of neighbors that have not yet undergone recombina-
tion. This phenomenon has been described in cultured
mammalian epithelial cell lines in which dying cells are actively
extruded from the layer via the formation of an actin–myosin
contractile ring by wild-type neighbors. The signal that initiates
the formation of the contractile ring comes from the dying cell
and precedes the expression of even the earliest procaspase/
proapoptotic genes (Rosenblatt et al., 2001). The advantage of
this mechanism is that abnormal cells are extruded without
leaving gaps in the epithelial layer, thereby maintaining the
integrity of the developing lung.
In addition to effects on cell survival, Bmp signaling appears
to play a role in maintaining the polarized epithelial morphology
and extensive basal–lateral membranes of the distal endoderm.
Even though the non-apoptotic epithelial cells in the conditional
mutant lungs retain intercellular junctional complexes, they are
more rounded and have less area of lateral membranes than wild-
type cells. Expression of ankyrin G and E-cadherin, which
encode two components of the basal–lateral membrane required
for columnar epithelial morphology (Kizhatil and Bennett,
2004), is also reduced. Studies in other systems have shown that
Bmp signaling can regulate cell morphology and cytoskeletal
dynamics through signaling downstream of the Bmp Type II
receptor via LIM kinase 1 (LIMK1) (Foletta et al., 2003; Lee-
Hoeflich et al., 2004) and possibly c-src (Wong et al., 2005).
Changes in the morphology of conditional mutant cells may
contribute to their extrusion from the distal epithelium. In
support of this hypothesis, recent studies in theDrosophilawing
disc have shown that clusters of cells with mutations in the gene
thickveins (tkv), which encodes a Type I receptor for Dpp/BMP
ligands, undergo extensive changes to the cytoskeleton resulting
in their extrusion from the epithelial layer as a coherent cyst
(Gibson and Perrimon, 2005; Shen and Dahmann, 2005). Again,
this extrusion mechanism in the lung depends upon the
asynchrony of recombination and may not occur under
conditions in which all cells are affected equally and
synchronously (see later discussion).
The extensive apoptosis that occurs in conditional mutant
lungs obscures analysis of the effect of Bmpr1a deletion on
epithelial differentiation. If cell death is prevented by removing
both copies of Bax, the mutant cells survive and can apparently
give rise to Type II cells expressing high levels of Sftpc.
However, normal branching morphogenesis is not restored. The
implication of these results is that the primary effect of Bmp
signaling is on epithelial cell proliferation, survival and cell
morphogenetic behavior, rather than on differentiation.
Evidence that Bmpr1a mediates autocrine signaling from Bmp
made in the distal epithelium
Bmp ligands and their receptors are expressed in both the
mesenchyme and epithelium of the developing lung (see
Introduction). Deleting Bmpr1a in the epithelium could,
Fig. 9. Schematic representation of Bmp signaling in the distal embryonic lung.
Domains of expression of Bmp4 (blue), Bmpr1a (pink) and Bmpr1b (yellow) are
shown. Other known Bmp genes expressed in the lung include Bmp5
(mesenchyme) and Bmp7 (epithelium). Our results suggest that Bmps made in
the distal endoderm signal locally (curved arrows) via Bmpr1a to maintain
proliferation and survival of the epithelium. Proximal expression of Bmpr1b
may regulate proliferation and/or differentiation of proximal epithelium by
relaying signals from Bmps made in the mesenchyme (arrows).
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autocrine signaling from the epithelium or both. To distinguish
between the first two possibilities, we cultured mesenchyme-
free endoderm with Fgfs in the absence of exogenous Bmps.
Rather than form multiple secondary buds, the mutant epithelial
vesicles collapsed and folded in on themselves. Since the only
source of Bmp in the culture system is the epithelium itself,
which expresses Bmp4, this suggests that Bmp can function in
an autocrine way to effect cell behavior. Further support for this
idea comes from experiments in which Bmp4 is conditionally
deleted specifically in the epithelium using the same Sftpc-cre
transgene. Approximately half of cre(+);Bmp4loxplacZ/+ hetero-
zygous mutant lungs had an abnormal phenotype by E16.5, and
this phenotype is almost identical to that seen in about half of
the heterozygous Bmpr1a mutant lungs. Taken together, the
results support the hypothesis that Bmps made by the
epithelium can function locally. Moreover, they suggest that
Bmp signaling normally co-operates with Fgf signaling to
promote epithelial outgrowth; in vivo this would likely be
towards a source of Fgf10 in the distal mesenchyme.
Relationship between conditional deletion of Bmpr1a and
other in vivo manipulations of the Bmp signaling pathway
Previous studies have addressed the role of Bmp signaling in
lung development by overexpressing the Bmp antagonists
noggin or gremlin in the epithelium using the human 3.7-kb
Sftpc promoter (Weaver et al., 1999; Lu et al., 2001). Sftpc-
noggin and gremlin transgenic lungs are smaller than wild type,
suggesting reduced proliferation as in the present studies. In
addition, the transgenic lungs have a “proximalized” phenotype,
with Clara and ciliated cells present distally, almost to the
periphery of the lung. This raises the question of why Bmpr1a
conditional mutant lungs have a pronounced “cystic” or
“emphysematous” phenotype, with extensive cell death and
cell extrusion, rather than a proximalized one? There are several
possible explanations for this discrepancy. First, Noggin and
Gremlin are secreted factors that exert their inhibitory effects by
sequestering Bmp ligands and preventing their association with
receptors. Overexpression of the antagonists would therefore
reduce the levels of multiple Bmps in both the epithelium and
the mesenchyme. Moreover, the resulting downregulation in
Bmp signaling would affect all cells equally, and there would be
no intercellular competition which, we have argued, may lead to
extrusion of abnormal cells from the epithelium and a disruption
in morphogenesis. Second, overexpression of antagonists, and
expression of a dominant negative Bmpr1b receptor (Weaver et
al., 1999), may not reduce the level of signaling in the distal
epithelium as effectively as deleting the receptor itself. Finally,
our results raise the possibility that Bmpr1b, which is highly
expressed in the proximal epithelium in the lung and would also
be downregulated by the antagonists, functions independently
of Bmpr1a to inhibit proliferation of proximal epithelial cells
and/or to promote their terminal differentiation. The role of
Bmpr1b in lung development is currently being tested by
combining the conditional deletion of Bmpr1a with a genetic
reduction in the level of Bmpr1b.Paradoxically, overexpression of Bmp4 in embryonic lung
epithelium results in a similar abnormal phenotype as that
described here when Bmp signaling is reduced (Bellusci et al.,
1996). In addition, exposing isolated lung or tracheal endoderm
in culture to exogenous Bmp4 protein inhibits the proliferative
and chemotactic response to FGFs (Weaver et al., 2000; Hyatt et
al., 2002, 2004). One possible explanation for the discrepancies
between these results and the present studies is that excess Bmp
signaling in the lung epithelium, like a deficiency, disrupts cell
proliferation and morphogenesis.
Conclusions
In conclusion, our results support a model (Fig. 9) in which
Bmps function through an autocrine mechanism to promote the
proliferation and survival of a population of multipotent
progenitor epithelial cells in the distal lung. This role for Bmp
signaling is analogous to that seen in undifferentiated mouse
embryonic stem (ES) cells (Qi et al., 2004; Ying et al., 2003).
Both cell populations express Bmp4 and high levels of Id
(inhibitor of differentiation) genes that encode factors that block
the function of bHLH proteins in promoting differentiation. Both
populations also express Myc genes (Cartwright et al., 2005;
Murphy et al., 2005; Trumpp et al., 2001). Furtherwork is needed
to establish the precise downstream targets of Bmp signaling in
embryonic lung progenitors and to determine which components
of the signaling pathway are mediated by Smad-dependent and
-independent mechanisms. Answers to these questions may
throw light on how progenitor cells in the embryonic lung
maintain their multipotent state and how the size of the
progenitor pool is regulated by intrinsic and extrinsic factors.Acknowledgments
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